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Abstract

A 9 channel, integrated radiometer for recording multi-frequency sky brightness

temperatures from which atmospheric integrated water, and water vapor and temperature

profiles may be estimated has been designed, constructed and field-tested. The radiometer

includes 3 water-dependent (22.25, 23.9, 31.45 GHz) and 6 oxygen-dependent (50.5, 53.0,

53.6, 54.89, 58.64, 61.03 GHz) frequencies. The radiometer includes 4 Dicke-type

subsystems of 2, 1, 3 and 3 multiplexed frequencies each. Control and signal processing

functions are accomplished using 8 digital signal processors, 2 per subsystem, which are in

turn controlled by an 80286-equipped host computer. The basic radiometer package,

exclusive of the host compu:er and multichannel signal processing chassis, is about 1/2 x 1/2

x 1 m and is designed for airborne and shipboard (antenna pedestal) mounting as well as

ground-based overland operation. All system, antenna pointing control, and signal

processing functions are handled through the host computer. The radiometer may be readily

used in combination with wind profilers, ceilometer, sodar and other measurement systems

as are useful for improving the precision and spatial resolution of inverted water and

temperature profiles.
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Completed Project Summary

TITLE: Profilers for Remote Measurements of Atmospheric Winds, Temperature and
Water Vapor and Liquid

PRINCIPLE INVESTIGATOR: Dennis W. Thomson
Department of Meteorology
Penn State University
University Park, PA 16802

INCLUSIVE DATES: 10/1/84 - 10/14/87

CONTRACT/GRANT NUMBER: AFOSR-85-0067

COSTS AND FY SOURCE: $190,000, FY85

SENIOR RESEARCH PERSONNEL: None

JUNIOR RESEARCH PERSONNEL: None

PUBLICATIONS:

New perspectives on Atmospheric Structure and Dynamics", D.W. Thomson, Earth and
Min Sci, 57, Vol. 1, pgs. 1-6 (1987/88).

"Development of a Multi-frequency Microwave Radiometer for the Measurement of
Atmospheric Water Vapor and Temperature Profiles", C.A. Wassenberg, M.S. Thesis,
Dept. of Elec. and Comp. Eng., Univ. of Arizona, Tucson, AZ (1989).

"Automatic Control and Data Analysis of a o aW channel Millimeter Wave Radiometer",
D.A. Zielinskie, M.S. Thesis, Dept. of Elec.; i, Comp. Eng., Univ. of Arizona, Tucson,
AZ (1988).

ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

The purpose of this DoD-URIP grant was to provide partial funding for the design,

construction and field testing of a state-of-the-art multichannel radiometer to be used for

atmospheric temperature and water profiling. The completed radiometer was then to be

combined with earlier constructed VHF and UHF Doppler wind profiler systems for the

purpose of completing the first university-located, integrated remote sensing system facility
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in the U.S. (Thomson, 1987/88). Project goals were accomplished (as of Sept. 1990).

Performance of the radiometer system has met or exceeded all technical specifications.

Completion of this sophisticated instrumentation system was an extended and difficult task.

Factors which greatly complicated and compromised timely progress included the following.

1) This project was undertaken with the understanding that funding granted by AFOSR

was a partial, albeit the major, contribution towards system hardware costs. Although

the university promptly fulfilled all of its financial obligations to share purchase costs

of various hardware components, it could not provide the necessary laboratory space

to perform assembly and testing of the integrated subsystems. Consequently, it was

necessary for much of the work to be completed externally, with industrial

cooperation and, via informal agreements, at another university. General design

work on the radiometer was completed in 1986 while the author was assigned to the

Naval Postgraduate School. The major portion of the subsequent detailed digital

system engineering and construction of the prototype system was performed at the

Univ. of Arizona by C.A. Wassenberg and D.A. Zielinski under the guidance of Prof.

J.A. Reagan in the Department of Electrical and Computer Engineering. Machine

shop fabrication of mechanical subsystems was completed at Penn State with external

support provided by the Office of Naval Research. Extensive testing and evaluation

of the system hardware and development of the necessary mathematical signal

inversion codes is the focus of the Ph.D. dissertation research (in progress) by Y.

Han in the Dept. of Meteorology at Penn State.
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2) This project was nearly catastrophically truncated when the final $115,000 which had

been contracted for the three phase systems development project were not allocated.

Fortunately replacement funding was arranged in 1986-87 through the Office of

Naval Research to cover the outstanding deficit so that the final essential

components of the integrated ystem could be purchased.

3) Delivery by industry of critical components and subsystems with specified 90 to 13C

day delivery schedules were as much as 3 to 8 months late. Purchasing procedures

of some critical components were also complicated and delayed as a consequence of

contradictory, and believe J partially fictitious, performance claims made by one

potential supplier of the required microwave components.

In spite of the above considerable difficulties, the integrated radiometer system, as was

originally proposed, has been completed and, as indicated, is operating with performance

that meets and/or exceeds all of the originally defined technical design specifications. The

unit cost of the completed remote sensing systems, including the Doppler wind and

radiometric profilers in the Penn State facility has been estimated to be about 20 to 25%

of the current market value for some radiometers which have since recently become

commercially available as "turnkey" systems.

The first summary article discussing the capabilities of the combined remote sensing systems

constructed with financial assistance for this AFOSR grant is the above-referenced one by

5



Thomson (1987/88), a copy of which is attached as Appendix A. A second is in preparation

for submission to the J. of Atmospheric and Oceanic Technology.

Use of and interest, nationally and internationally, in the Doppler wind profiler and

radiometric instrumentation facilities for field measurement programs sited at the University

continues to grow. One of the VHF Doppler wind profiling systems has been operated

almost continuously since being installed in 1985. The transportable UHF profiler has been

used for national experiments in Alabama (MIST/SPACE), California (FIRE), Arizona

(Ariz. Monsoon), Massachusetts (ERICA) and New York (LOWS-I) as well as, whenever

possible, at Penn State for a variety of physical meteorology and radar propagation studies.

Plans are now in progress for one or more of the wind profilers and the radiometer to be

deployed in the western Pacific for typhoon studies (TCM-90) and in the Azores for the next

phase (ASTEX) of the ISCCP (International Satellite Cloud Climatology Project) study

program. Upon completion of the current test and evaluation studies, the integrated

radiometer system is also scheduled for additional, NASA-sponsored intercomparison studies

at Wallops Island, VA.
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EARTH AND
MINERAL SCIENCES
THE PENNbNL\ANIA STATE LNIVERSIT\ . COLLEGE OF EARTH AND MINERAL SCIENCE5, LN\iERIT ' PARK PENNSYLVANIA

New Perspectives on Atmospheric
Structure and Dynamics

DENNIS W. THOMSON
Professor of Meteorology

Penn State is the academic leader in the
development and application of ground-based
profiling systems that are revolutionizing PEN\S _TE

atmospheric observation and data collection. 51.
W

Natural phenomena of interest to meteorologists range in size from - ,.- ,

atomic to global scales, and the associated time scales may range 11;=,;associated"time scal.s may range _," -'. .

from the traction or a second required for the emission or absorp- W

tion cA radiation to the billions of years over which Earth's atmosphere- -

has evolved. As a result, compiling observational databases suitable -
for studying diverse atmospheric phenomena has always been a
challenging problem.

In practice, however, it turns out that the difficulties are not scale-
dependent, that is limited to either very short nuclear or lung Figurel.OneottheGo-Cophased-arrayantennasandthe40-foot"portable"
geological time scales, but instead are often caused by the intermit- instrumentation trailer for the 404-MHz UHF wind protiler.
tent nature of the observations. The database required to interpret
or predict day-to-day changes in the weather, for example, has never
been adequate. FPrcompanon, suppose that you needed todescribe filers are so enhancing our understanding of atmospheric structure

the lifetime physiological development of a pcrson. !t would be a and dynamic processes that long-standing problems regarding the

difficult task if the only information available to you consisted of nature of atmospheric motions and the evoiution of torms are be-

snapshots and x-rays of a body at ages 1, 37, and 74, plus similar ing re-examined, other problems are being redefined, and totally
data fromagroupofdifferentindividualsat different ages. Ineverv new areas for research are being opened.
case, the time elapsed between measurements would be so long
that significant developmental changes would have occurred be- The Penn State Role
tween them. That, ineffect, isthenatureof the observational prob- Penn State is currently; both nationally and internationallv, the
lem that has frustrated meterologists for more than fifty years. academic leader in the development and application of ground-

Synchronously every twelve hours, weather services through- based profiling systems. For the past five years, the Department of

out the world launch expendable weather balloons to gather mea- Meteorology has been designing, constructing, and testing a variety
surements of atmospheric wind, temperature, and humidity pro- of profiling systems. Valued in excess of $2.5 million, these systems
files. Yet between these conventional measurements, large convective are now providing unique continuous observations that are the envy
storms can begin, grow, mature, and dissipate. Today, it is probably of the atmospheric sciences research and teaching communities.
the limitations resulting from this 12-hour observational interval Penn State is the first university in the world to have profiling radars
rather than the availability of bigger, faster or more computers that for continuously measuring atmospheric winds and turbulence.
create the greatest obstacle to significant improvements in weather The Department of Meteorology will soon be the first in the world
analysis and prediction. to have a comprehensive set of microwave and millimeter wave radio-

For about a decade, a quiet technological revolution in meteor- meters for continuously monitoring tropospheric temperatures and
ological measurements has been in progress. During this time, humidity profiles. In addition, a special mm-wave Doppler radar
dramatically improved ground-based remote sensing profiling operating at 94 GHz is under construction nd soon will be pro-
systems have been developed. These systems can provide the long- viding measurements of the velocities of tiny cloud water drops.
needed continuous measurements that allow us to monitor the state On! , o; , .her radar of this type exists in the world. Other equip-
and evolution of the constantly changing atmosphere. Appropriate ment includes the unique microwave radiometer, the 23 GHz maser-
processing of the profiler measurements also allows us to monitor based system, which has been operated jointly with the Depart-
process variables, suchasthefluxesof momentum, thermalenergy, ment of Electrical Engineering since 1984 to provide stratospheric
and moisture. In short, the measurements obtained with these pro- and mesospheric measurements.
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systems, such as radiometers used for humidity and temperature profiling

The primar, focus ot the profiler research procrams at Penn and Q km of %, ire. The other wind and radiometric protilers can be
State is meteorological applications, not engineering research and transported anywhere by truck or :hip to carry out diverse field
development. Thus. astaraspossible, we have purchased the elec- measurement programs. For the UHF profiler, :he 8 x 40 ft ship
tronics module,, and computers required to assemble each of the container shown in Figure 1 has been rebuilt into a portable

svstems discussed in this article When we began constructing the laborator,. The phased-array ;odar antennas are all mounted on
,.arou protilers in lcS2. none were available commericallv. It was 8 x 15 ft trailers.
not until 1985 that we iere able to simply purchase a complete pro-
filer, a sodar. that would meet ourscientific reuirements. That sodar, Ground-Based Systems
and two subsequent ones, werebuilt by E.MSgraduate Dr. K. Under- While satellite-borne camera and in-t-umentation systems are
%,ood, now at XonTech, Inc. The construction of .,ind profilers at unique in their capacity to provide global coverage, stationar,
Penn State proceeded essentially in parallel with the design and ground-based remote sensing systems have certain important ad-
constructionofs-,_em-whicharenowalsocommercallvavailable. vantages over their satellite counterparts. Unlike satellite in-
The transmitters, receivers, and antennas, built for us bv Tvcho Tech- struments, ground-based systems need not be limited bv such con-
nology, %%ere basically prototype components for the profilers they siderations as size, weight, power consumption, or needs for human
are now building for customers such as NASA Kennedy Space Flight servicing. Thus they can be relatively far more sophisticated than
Center and other universities Since the commitment to develop satellite-borne systems. In most cases, the greater sophistication
a commercial -vstem had been made earlier by Tvcho. we were abto in ground-based systems results in the output of quantitative rather
to acquire state-of-the-art instrumentation without incurring ma- than qualitative observations. Satellite images, Avi ,xmple, often
jor research and development costs. It is also worth commenting require visual interpretation or elaborate computer processing.
that both Tvcho and NASA are employers of our new EMS "pi'o- Profilers are the new generation ot automated, ground-based
filer" graduates. Other new employers of our graduates are the remotc sensing systems that can provide continuous quantitative
groups in NOAAs Wave Propagation Laboratory (WPLI which, like measurements of atmospheric winds and state vanable-. Doppler
Penn State are doing basic research in profiler development and radars operating in the VHF and UHF radiobands are used for
application. Many of the modules in Penn State systems were measuring profiles of wind speed and direction, turbulence, and
modeled after WPL prototypes, and their outstanding assistance theradio refractive index profiles. Radiometers operating at frequen-
was essential to the success of our program. cies ranging from 20 to 32 and about 90 GHz are used for monitor-

The emphasis in this article is on the diversity of the different ing water in the atmosphere. Depending upon how a particular
profilers. Some of the ongoing research involves use of data obtained
with single systems orwith combinationsof data from differentco- Table 1. Penn State Doppler Wind Profilers:
located systems. However, most of the meteorological problems of Permanent sites and locations of use
interest need measurements from several locations or a network
of systems, or require that the systems be deployed where the me- Permanent Portable Portable
teorological phenomena of interest occur. Great interest exists, for VHF Sites UHF Sodars
example, in the characteristics of both marine and tropical I, McAlevy's Rock Springs, I, Rock Springs
phenomena. Fort, PA PA & Huntsville, AL

Table I summarizes the locations of the permanent systems and
the places where the portable VHF and sodar systems have been II, Crown, PA Huntsville, AL II, Aiken, SC &
used to date. The three permanent VHF protilers form a triangle Three-Mile Is., PA
that covers a large part of central and western Pennsylvania; two Ill, Laurel Mts., San Nicolas Is., III, San Nicolas Is. &
profilers are in operation and the installation of a third is in prog- PA CA & Tucson, AZ Monterey, CA
ress. The 50 x 50 m antenna at each site has about 600 supports

2 EARTH AND MINERAL SCIENCES



radiometer is configured and oiperate(, , is possible to differen- Table 2. System and Signai Types and Derived Atmospheric Variables
hate between water in the vapor, liquid -A' ice phases. Electronically
similar radiometers operating at tr juencies ranging from 50 to62 DERIVED
GHz provide the data from ' _ atmospheric temperature pro- SYTM TP ROEY 4 SCATTERIG RECIVED AMiAPHERS

files can be interred. a CrEIG SGA AIBE

Profilersare on'c ne ot manvtypes of remote sensing svstems VH na .V 50 MHZ 3M q.acy 3WOW *ciiue $'ooa a

that are used for Ltmospheric measurements. Laser-based Ioptical poie marorog~es VM *FC~on

svstems, for example, are used for aerosol studies and monitoring T *wrnc

cloud b-sthieights Scintillometers, which are essentially specially 9,x

instru~r oted telescopes, provide continuous records of the 3
transmission qualitv(designated "seeing')tfor earth -space optical jH ,c 3* Ve 4:A M H r7: )WW -w ,e
propagation paths. It should also be noted that, since their initial 701der ees
development tollo%% ing Wo~rld War 11. conventional meteorological .,

radars operating at frequencies trom 5 to 15 Gliz have been uised DOW c'vre

throughout the world for determining the structure and motion ot ; aam
precipitating storms However, for nearly 20 years most ot the opera- z 37:-,'

tional radars used by v arious national %weath er ,erv ices have been IPw. ae om K =C

technological dinosaurs. NMany or these s~tmsvere designed in
the 19;Os and constructed in the 196 0s, long betore integrated car- ~omw acive 16M~ H . :..r tWIe )cW nrc soeea ax
c lits and high performance compact computing systems were so oomgi.es iMo

available. It was not until late fall of 1987 that the U.S. Weather Ser- ogVII
vice was finally able to let contracts amounting ito 54;0 million for _V 51'cre
buildingand installing 1145 state-ot-the art preoiation-ensing Dop- ;r~

pler radars. These radars have long been needed for monitoring
ite-threateninL: Storms and other hazards to People and aviation. ZC Oal acv, 3!.- '0 3:-c oe', scxre' )CMW '8cvjX

r a m Hz 3 cr ini vec'pisx SW na r

veprnr mpraw
Some Remote Sensing Basics )a -"an
Remote '.ensi ng sys;tems. such as r.dars. are defined a sach -e because inar 'e
o net com Pone nt oft the syste m is a signalI sou rce or tran s mitter, Fisre '4 as~v 20o3 -:T as~w "If0
2. Other remote sensors, such as radiometers. are passwe because "3arewe 314Z m losn. qe
or these sys temns the atmosphere itself serves as the source of the

measured siignals. Figure 3. %lost atmospheric remote sensing as :c en~jr

sylstems, are tfiectromnagnetic but a few like the sodlar. which is the vo~ee :::r' aCrrc yeS5 :'y
atmo~pheric analoig it undvri% ater sonar. use acoustic signals. The 'acaiir 'n
'%.1avelength> used. ranging irom .:Heoptical to VHF radio, en- -asc~ az5wv.c, VW j ZY

omnpa~s more than -even decades. ac3-1e aooze-c y-nr'iess cle

Th e atmosphere is a v ariable i nhomogeneous, and dirts' gas. _______________________________ _______j~

The particle, in it ca n ranizermore than six decades in size, tromcon- o. c:t 4 Gr.: a 2 rn aye- sca,-e' 3'p, ,.
densation nuclei, !smaller than 10 -m. ito hailstones greater than :'r.10z':;.s go e~,
10 -m. The characteristics ot propagating electromagnetic LM) or 'a
acoustic (AC radiation, natural or artificial. depend critic alIY upon sun :,ou eate'
the spatial a nd te mporal ref ractive index variations ot the gas itself, _______________________________
as well as on the interaction of the radiation with the various scat-
tering and absorbing particles. The science ot remote sensing is
essentially the art of p rocessing measured EMI and AC signals in emsinadbortn locutmcooavn mwvef-
such a wav' that the physical properties of the propagation medium eiso n bopinas cu tmcoaeadm aefe
can be Inferred, quencies. With appropriate sampling and measurement ot the

The radiation-atmosphere interactions fundamental to the brightness temperature at selected frequencies, these signals can
operation ot .:arious protilers include the following: be processed to Inter profiles of atmospheric humidity and
1) RetraCtrve index variations at EM radio frequencies associated temperature.
with normal turbulent temperature. and moisture tluctuations 3) Atmospheric absorption of AC radiation in the range of usable
typically rangetfrom about0.1 to:;ppm. Incomparison. propagating frequencies is Strong, and thus fundamentally limits to about 800
AC waves are about a million-fold more sensitive to the same varia- to 8000 Hz the usable range of AC systems such as the sodars. Ab-
tions. These small refractive index variations, defined in terms of sorption is also important at EM1 frequencies above about 30 GHz.
the structure parameter. are quite enough to scatter measurable EM1 Table 2 rum marizes a variety of remote sensors by svqiem type
or AC energy. Scatt-,ring by the inhomogeneities is most effective and wavelength 2. and the nature of the received signal which must
at the spatial scale corresponding to k 2. Table 2. This scattenngpro- be processed to extract information regarding the particular atmos-
cess may be interpreted in analogy to the Bragg angle .n X-ray pheric variables of interest. Thus wind protiles are measuredbLv ap-
diffraction. propniate processing of turbulence or particle -sc-attered and Doppler-
2) Priticles that typically have refractive indices at visible wavelengths shifted signals. Depending on the wavelength, the scattering will
ranging trom 1.33 (water) to 1.541 SiO,) are by comparison fair more be from turbulence-associated refractive inhomogeneities or the
etficient scatterers. The nature of this particle scattering depends result of scattering by precipitation or cloud drops. Determination
critically on many factors. One of the most important is the ratio of temperature and humnidity profiles involves processingo received
of the particle size to wavelength. atmospherically-emitted radiation in selected H-IO and 02 absorp-
3) EM or AC energy scattered by moving atmospheric gas or par- tion bonds. Mathematically, the processingof radarand radiometer
ticles will be Doppler shifted in trequency in proportion to thescat- signals differs greatly.
terer's velocity. The Doppler shift also depends on the direction of
the scatterer's motion with respect to the pointing angles of the
system's antennas. Profiler Subsystems and Configurations
4) In the troposphere and stratosphere, the maximum black body Figures 2 and 3 illustrate schematically the basic components ot ac-
radiation by atmospheric gases is in the infrared. But significant tive radar (or sodlar) and passive radiometric profilers. Much ot the

VOLUME 57 3



engineenng effort and cost in the design and construction of the
radar-type systems is associated with meeting the performance 243
specifications required for phase-coherent operation. Frequency "4 "T - - -. - --

or phase instabilities in the source, or anywhere else in the process- " , . *

ingot the transmitted and received signals, wll degrade the quali-
tvotthecalculated spectrum of the Doppler-shifted receivedsignal. "4 .. . -

and hence also degrade the accurac, and precsion of the derived ,.
w6%inds 30R2

The tinal design and operation of anv profiling sv-tem isa seem-
inl endless list ot trade-otts. To increase the ete tie power and /

limit the size of the sensed volume. theantennas need lo beas large--_ •
as possible 50 x 50 m tor each VHF profiler, but there are practical 330
and economic limits to antenna size. Time domain integration, ie. --- .
the prespectral multitulse averaging, needs to be as long as possi- -"-
ble to increase the ratio Of signal to noise. At the same time, it can- , " -- --

not bIe so long that the atmosphere in the sampled antenna volume -- . - --- ..-
changes significantly dunng the averaging penod. Usuallv, increas-
ing the pul_; length, ,-fi improve signal-to-noise, but doing so will
also degrade the spatial resolution. The use ot short pulses that im-
prove spatial resolution will degrade the spectral or velocity resolu-
tion Thus. fivures such as those quoted in Table 2 represent com S06 C* C WDR

promises among the many parameters which must be considered
in desnzring a particular system. F;gure 4 Short-period wind direction variations observed at the frontal in-

Although radiometrtc sstems do not need to be phase-coherent, teriace curing me vassage of Hurricane Danny over central Pennsylvania
their design and operation present a distinctly different !et of tech- in 1985. Winds over a 24-hour period from abou: 1 6 to 8.5 km are shown

nical and construction problems. The cost of individual components,
particularly for operating frequencies above 40 GHz, is exceeding-
lv high Components such as mixers, oscillators, and switches are ________________________
individually machined gold-plated blocks of brass in which the 32 --1

dimensional tolerances are such that the milling machine tools have .
diameters finer than a tvpical human hair < 0.015 in.). The installed -aat.--
electronic components. ome as small as 10 um. can be seen only ] ", ,
with a binocular microscope. Once constructed in a cleanroom en-
\irin rment. the radiometer subsvstems must be mounted in speciall.
!abr'rcated environmentaiiv controlled housins Penn State's in-
!egrated radiometer actuaily includes four radiometer subsystems
ot the type shown in Figure 3.

Another difficult fabrication problem for the radiometers is the
ptical-grade ali nment reuuired of the four neighboringantennas. -- - - - -

Insotar as possible, the signals received at the nine different fre-
ouencies must originate from the same volume ot atmosphere.

lisalignment ot the antennas such that a cumulus cloud might be
in the beam of one radiometer receiver but not in another would
result in a database which could not po 4iblv be mathematicallv
inverted.

The Penn State radiometer is the most advanced system of its
type in the world. Presently the Meteorology Department has
neither the personnel nor facilities to complete the engineering, 01 Z 12 19 16 13 10 07 04 01 Z

fabrication and testing ot such an instrument. That part of-the 22 JA 87 21 JAN 87

development program has been performed outstandingly by Nlot.I A. Reagan and his graduate students C. Wassenberg and D. Fgure 5. Height and time dependent wind speeds recorded while the ler
Ien ind ic gineent th U ner an. stream was located above oneof the VHF wind protilers for a 24-hour period

Zielinskie in Electrical Engineering at the University of Aizona. in January 1987 The highest speeds ) > 83 mis) were occurring between
Unlike conventional radars v, hich have movable antennas, pro- 9 and 10 km altitude. The vertical bars at altitudes ranging from 6 to 9 km

tiler antennas are usually stationary. But wind is a vector variable denote reports from pilots of clear air turbulence.
wi ith u. v ior speed and azimuthal direction) and w ivertical) com-
ponents. H-ence, the VHF and UHF radar and sodar Doppler pro-
filers must all have three antenna beams. The basic signals are the
Doppler shifts corresponding to motions along the radial or point- nected ir series-parallel combinations. The connected transducers
ing axis of each antenna beam. Normally, one beam is pointed ver- are driven by four high fidelity power amplifiers. each with a 1600
ticallv for w and the two additional beams are pointed orthogonal- Hz signal of different phase.
hv to one another and 150 and 300 off the zenith. By applying the Antennas for the combined radiometer systems do not have to
appropriate 3-D coordinate transformations to the signals derived be pointable, and some operate with only a single overhead point-
trom each antenna beam. the u, v, and w components of the wind ing angle. However, additional information that can be used in ex-
can all be determined. tiacting the humidity and temperature profiles may be derived if

Antennas for both the EM and AC profiling systemsare usually one measures the brightness temperature as a function of the zenith
of the phased-array type; that is, the various antenna beams are pointing angle. The Penn State radiometer is a research system and
generated and pointed by changing the relative phase of the signals measurements made with it can provide excellent material for man v
between individual antenna elements. Penn States VHF and UHF different individual research studies. Thus, to optimize its flexibili-
wind profilers use Co-Co (Colinear-Coaxial) antennas. Indeed, the ty, the radiometer is equipped with a computer-controlled tilting
404.37 MHz Co-Co in the UHF profiler was the first of its type in and reflecting plate. This not only allows the vertical scanning angle
the world. Elements in the phased-array antenna for the Doppler to be changed easily, but also facilitates calibration of the system
sodarsare high power acoustic transducers (25 in total) that arecon- using external controlled-temperature sources.
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~,' Icle. G. Forbes discusses a useful application for rain contaminated
Io signals). For scattering by particles, as the wavelength decreases.

the efficiency of'the scattering increases, approximately as the in-
., .verse fourth power of X.

However, when the system is designed to sense raindrops, the

l'lo tering efficiency is actually highest when the scatterer size and k
are comparable. But in this case, interpretation of the scattering from

" /the heterogeneous "soup" of particles normally in the atmosphere
go !, is difficult. If the wavelength is chosen such that ;. is much larger

" , than the size. then the Ravleigh approximation mav bepplied. and
,'0 . ., it is far easier to relate the received power to the phvsical pi Dperties

00 4..i of the scattering raindrops. It is for this reason tht the cloud drop
". . , radar is operated at 94 GHz and that optical frequencv laser-based

3 ,--,-200 systems are best suited for studies of atmospheric aerosol anG dust.
00 20 .0 Co .0 '00 20 .0 ,,0 '190 200 220 :,o Thus the instantaneous output of the receiver's, detect'-r is the

Figure 6. Combined sodar and UHF profiler wind speeds recorded from 300 power or amplitude of the scattered signal as a function of ti:ie ( or
to 2000 m altitude above San Nicolas Island. Calif.. on July 4. 1987 Fine range) from the volume which is defined bv the beamwidth of the
structure in the changing winds is apparently associated with evolution of antennas and haf the pulse length in space. Actually, the detected
the offshore Catalina Eddy. output from a coherent (Doppler sensing) system consists of two

parts; the real (R) and the imaginary (Q) parts of the complex signal.
In the wind profiling radars, digital samples of the R and Q

Both Sites 700mb May 1987 signals are taken as often asevery microsecond, inthe94GHzcloud
radar every 20 nanoseconds. At such high sampling frequencies.
only one sample per pulse volume in space or range-gate can be

,a I digitized for further real-time processing. First, the seriesof numbers
60 -. 1 obtained at each range-gate is averaged over the time domain in-
do - tegration period. Then for each range gate, two time series-the R(t)

0 - and Q(t)-of 64 time domain integrated values are formed. A Dop-
: 2 . pier velocity spectrum for each range gate is calculated using a com-,0 - a =plex Fast Fourier Transform (FIFT) routline in one of the system's corn-

-, . puters. I Note that examples of averaged velcKity spectra are shown
_ -22 - j - ' in the following article bv Forbes. ) Depending on the exact operating

-3 -
=  I mode ot the radar, between one thousand and a hundred thousand

-. - - pulses are transmitted, sampled and processed before computing
. -c - 0 each velocity spectrum.
_-0. By comparison, the propagating AC pulses move sufficiently

- slowly to be sampled with respect to range. Thus, the velocity spec-
- - trum (derived from a 256-point FFT) from a sodar is obtained by

sampling with respect to time, equivalent to range. Pulse-pulse
Radius of Curvature (deg.) averaging of the raw signals is not necessary; in fact it turns out that

it cannot be done because the pulses are emitted so infrequently
= anticyclonic ' cyclonic that redundant sampling of the atmosphere in the pulse volume,

Figure 7 Percentile differences between winds analyzed with a numerical a requisite for time domain integration, is unlikely unless the winds
analysis and prediction model and those measured with the McAieveys Fort are calm.
and Crown VHF profilers. For cyclonic (0 to + 16) streamline curvatures. the Even after all the above averaging, the individual computed
model underestimates the actual wind speeds by an average of 21%. velocity spectra from both radars and sodars are still noisy; that is,

the peaks which are eventually related to the motions of the scat-
terers are poorly defined. Hence averaging of the spectral estimates
must now be performed. Tvpically, anywhere from two to fifty spec-

Some Fundamentals of Signal Processing tra are averaged. Finally, the mean and fluctuating velocities in each
The VHF and UHFprofilerstransmit as manyas4,200 to 10,00 pulses range gate and for each beam are determined from the frequency
per second, respectively. The sodar, on the other hand, transmits offset of the peaks in the averaged spectra and the width of the spec-
only one pulse every six to ten seconds. The difference in the fre- tra, respectively. Computing the atmospheric velocity components
quency of pulse transmission between the EM and AC systems is eitherin meteorological coordinates (east, north and vertical)or flow
caused by the roughly million-fold difference in velocity of EM and coordinates (streamwise, lateral, and flow vertical) is the last straight-
AC waves in the atmosphere; 3 x 10, mis-' and about 340 m's- , forward, albeit computationally messy, task.
respectively. The difference in pulse repetition frequenc; or period, All of the above must, of course, be carried out continuously
also fundamentally alters the way the received signals must be and in real time. It is electronicallv possible only because the com-
processed. puter revolution of the last two decades has produced high pertor-

Aseach pulse of transmitted energy propagates away from the mance, relatively low-cost machines capable of carrying out these
system, it is continuo, sly scattered and absorbed. The operating procedures. Each radar wind profiler has about five computer pro-
frequencies for the active remote sensing systems are carefully cessors plus a large minicomputer. The actual number of micro-
selectedtominimizeabsorption.Itisoneofthemostimportantfac- processors is somewhat ambiguous because the computer-like
tors limiting the usable range for a given system. boards that perform the time-domain integration, system control.

Theoperating frequencies for wind profilersarechosen so that etc. have about 1000 integrated circuits, many of which are them-
X/2 falls within the observed spectrum of atmospheric turbulence selves microprocessors. The minicomputer spends about 47 minutes
(typically 10cm < Xi2 < 10 mt. For radar wavelengths from roughly of each hour performing the spectral computations. In the remain-
50cm to 10 m, the scattering will be predominately from turbulence ing time, such operations as averaging, coordinate transformations.
generated refractive inhomogeneities. The wavelengths arechosen and archiving are carried out. Each Doppler sodar has two com-
to be as long as possible in order to minimize the potential for in- puters: a special purpose high-speed processor is incorporated in-
terference from particles such as raindrops. (In the following arti- to a standard PC-grade machine. The integrated radiometer system
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has nine computers: eight microprocessors and one high perfor- minethat notonlvthe initially'analyzed but also theforecast winds
mance PC-grade machine, were too low in speed. Students in the Weather Observatory often

comment that the NGM tends to underestimate precipitation.
Examples of Profiler Measurements Although precipitation forecasting involves consideration of many
During routine operation of the wind profilers, one of thecomputers more factors than just the speed of the wind in cyclones, the ques-
in the Department's WVeather Observatory automatically telephones tion of potential relationships between the clearly established speed
each system hourly and requests transmission of the previoushour's errors and the undertorecasting of precipitation is one which will
wind data. In the Observator; the measurements are displayed in certainly receive further investigation.
color using a format similar to that shown in Figure 4. The wind
barbs illustrate the hourly directions and speeds as a function ot Impact on the Research and Instructional Programs
altitude for the current hour as well as the previous 24 hours. Theaboveexampleshintatthemagnitudeottheimpactwhichsome
Isopleths ot speed, direction, or return power (related primarily to of the indi, idual protiling systems are now having on tre Depart-
the vertical distribution of humidity fluctuations) may also be ment's ongoing research program. In 1987. the tollowing graduate
superimposed, students completed the first profiler-based M.S. thesis studies:

Figure 4 shows the changing winds as a function of height and Catherine Ann Carlson: "Kinematic Quantities Derived from a Tangle ot
time recorded during the latter part of Hurricane Danny's passage VHF Doppler Wind Protilers'
overCentralPennsylvania.The"wavy" isoplethsof wind direction Larr' W Knowlton. 'Kinematic Diagnoses ot Frontal Structure and Cir-
are representative of mesoscale features of a type we have never culation Derived from Two- and Three-Station VHF Doppler Wind Protiler
before been able to observe. Such patterns are among the many of Networks"
great interest. For example, these types of wind direction and speed Theodore A.Messier: "Development and Evaluation of an Automated Toxic
shifts can make the difference between heavy or no precipitation. Corridor Emergency Response Svstem."

The isovleths of windspeed shown in Figure 5 are an example Paul I. Neiman: 1\i nd-Protiler-Derived Temperature Gradients and Ad-
oin igue ore a exape vections,"

of the display pattern tor a situation in which the core of a high speed William I. Svrett: 'Some Applications oi .0-NlHz Wind Profiler Data: Detailed
let stream was immediately above the radar. The short vertical bars Observations of the let Stream.'
toward the left-hand side at altitudes ranging from 6 to8 kn designate There are currently nine more students with M.S. and Ph.D.
pilot reports of moderate and severe clear air turbulence. One airline theses in progress. At least six other students are working on profiler-
report-presumably from a copilot-stated, "Passengers in the aisles; related thesis problems such as the analysis of related research air-
pilot very upset." The measurements we are now obtaining of jet craft data or on analyses for which profiler data are being used to
stream structure, dynamics and turbulence are so superior to any supplement a conventional database. Nearly half the Department's
previously available that we may, literally, be able to rewrite the text- faculty are serving as research advisors to tlese students. The pro-
books discussing their physical properties and behavior. New ques- filer data are being used with increasing frequency in the classroom
tions are constantly being raised regarding such issues as the physical and in the weather observatory. Last. but not least, more and more
dimensions of the jet stream, the role of topographically induced of the resident undergraduate and graduate students are taking ad-
,aves in exciting clear air turbulence, the life cycle of clear air tur- vantage ot the systems-even if the,' are not directly involved in

bulence, and the characteristics and forcing of horizontal meanders profiler-related research or studies. These students have recogniz-
of the jet stream's high speed core. ed that at Penn State they have a unique opportunity to learn some

The next example, Figure 6. is another first-in two respects. 21st century meteorology mow.
The isopleths are of wind speed in the marine atmospheric boun-
dan- laver above San Nicolas Island (SNI), about 100 miles off the
coast of California. July 4. 1987 was only one dav in the three-week .Acknowledgements: Successful completion of the profiler tacihries discussed
RRE Experiment. an international experiment involving nearly 200 in this and the tollow ing article bv G. Forbes has been possible only becausea verv special workingenvironment exists in the Department ot Meteorology.scientists. Penn State's sodar and profiler measurements were the Fir dedicated and outstanding assistance i their respectve areas ot exper-

ost detailed andhighqualitycontinuouswindprofilesevercon- tse. I wish to especially ackno%.,ledge C. Fairall. G. Forbes, C. Hosler. I
piled for the atmospheric environment in which marine stratus Olivero. R. Peters, A. Person. R. Thompson. and S. Williams. Critical out-
clouds are a persistent feature of great interest. Both locally and side contributions of scientific, engineennig. and technical assistance were
globally, these clouds are a phenomenon of great climatic madebvC.G.Little, D.Memt. KMoran,j.SniderandR.StrauchatNOAAs
importance. Wave Propagation Laboratory; I. Brosnahan at Tycho Technology, Inc., A.

Figure 6 is also unique in that it is an illustration of the first Parrish at Millitech. Inc.; K. Underwood at Xonrech, Inc.; and J. Reagan
databaseof combined sodar and radar wind profiler measurements. at the Universitv of Arizona.
The integrated database was compiled by using the Doppler sodar In the folloing article by Forbes and Carroll, the systems application in

the MIST.SPACE experiment was made possible by a National Science Foun-
for measurements below about 800 m and the profiler for the higher dation grant-some funds in that grant were provided through NASA via
altitudes. Experiments such as the one at SNI and others now in an interagenc agreement. Successtulfield deploymentwould not havebeen
progress at Penn State are demonstrating, among other things, that possible without the outstanding support provided by Scott Williams and
the absolute and relative accuracies of the different profiling systems Bob Peters.
are so good that one of the major uncertainties in calibration is the Most ot the hardware funding was provided through DOD UIR (Air Force
position of reference balloons with respect to each system. The at- Office ol Scientitic Research) and URI (Office ot Naval Research) Grant pro-
mosphere is, of course, spatially inhomogeneous as well as tem- grams. Other contnbutors included Penn State. theCollege, and E.l. DuPont
poral!y variable. Thus another new area of research is examining Corp.
the distances over which variables such as wind speed and direc- To the extent that one can dedicate equipment, it is appropriate to dedicate

uthe Penn State's protilers to the meteorology students, not lust to those whotion and temnperature are correlated as a function of the large-scale helped to make the tacilitv a reality, but also to those whose past. present
weather conditions. and future useot theequipment w% ill further knowledge ot the atmospheric

Figure 7 illustrates how measurements from the wind profilers environment in which we live.
have been used for the first time to examine the performance of a
state-of-the-art numerical weather analysis and prediction model. After completing his formal training in physics and meteorology at the Univer-
Conventional upper air radiosonde measurements are used in the siv of Wisconsin and a DAAD Postdoctoral Fellowship at the Universitv
new Nested Grid Model (NGM) of the National Meteorological of Hamburg, DENNIS THOMSON loined the Penn State faculty in 19.
Center for operational weather analysis and forecasting purposes. He has since also been a visiting scientist at the National Center tar Atmo-
Wind measurements made with the Penn State profilers provide spheric Research and at Rise National Laboratory in Denmark. In 1986 he

ben'ed as the C. I. Haltiner Research Chair Frotessorat the Naval Postgraduatean independent continuous database against which the output of School. Of his diverse interests in atmospheric measurements and remote
such numerical modelscan becompared. Figure 7 shows that when sensing, he says, "Research in natural science is much like a good marrage;
the streamlines are cyclonically curved, the winds initially analyzed as your experience matures, you increasingly appreciate the beauty within
by the model are on the average 21% too low. We were able to deter- your partner."


